INTRODUCTION
Adult neurogenesis, a process of generating functionally integrated new neurons from adult neural progenitors, represents a striking form of structural plasticity in the adult mammalian brain (Kempermann and Gage, 1999) . In the hippocampus, immature neurons, originating from adult neural progenitors at the subgranular zone, migrate into the inner granule cell layer to become new dentate granule cells (Ming and Song, 2005) . These new neurons extend axonal and dendritic projections and establish new synaptic connections to integrate into the existing circuitry (van Praag et al., 2002) . Recent studies have characterized the basic process of adult neurogenesis and defined many physiological and pathological stimuli important for its regulation. Mechanistic studies have been largely concentrated on early events of adult neurogenesis and identified several key players that control the proliferation and fate specification of adult neural progenitors, including Shh, BMPs, and Wnts (Lledo et al., 2006) . Little is known about the molecular mechanism that regulates the integration of adult-born neurons, an orchestrated process including neuronal morphogenesis, migration, acquisition of intrinsic excitability, and synapse formation.
One distinct feature of adult neurogenesis is its tempo of neuronal integration. While adult and fetal neurogenesis of dentate granule cells show remarkable similarities in the developmental process, a major difference is the prolonged course for adult-born neurons (Esposito et al., 2005; Overstreet-Wadiche et al., 2006a; Zhao et al., 2006) . Interestingly, neuronal activation, such as seizures, accelerates integration of new neurons in the adult hippocampus (Overstreet-Wadiche et al., 2006b) . Together, the difference in the timing of integration between fetal and adult-born granule cells and stimulation of integration pace by neuronal activities in adult indicate that proper tempo regulation of neuronal integration may be critical for the physiological consequence of adult neurogenesis. The molecular mechanism underlying this important aspect of adult neurogenesis remains to be defined.
In an effort to address the molecular mechanism regulating neuronal integration during adult neurogenesis, we investigated the role of Disrupted-In-Schizophrenia 1 (disc1), a susceptibility gene for schizophrenia (Blackwood et al., 2001; Millar et al., 2000) and possibly some mood disorders (Hamshere et al., 2005; Hashimoto et al., 2006) . DISC1 expression is broad in many brain regions during embryonic development and fairly restricted in the adult brain with particularly high expression in dentate granule cells of the hippocampus and interneurons of the olfactory bulb (Austin et al., 2004) , two neuronal types that are continuously generated through adult neurogenesis. A role of DISC1 in neuronal development was first suggested by biochemical identification of interacting proteins (Millar et al., 2003; Morris et al., 2003; Ozeki et al., 2003) . For example, DISC1 binds NDEL1 (NUDEL), a molecule involved in embryonic neuronal development including migration (Sasaki et al., 2005; Shu et al., 2004) . In vitro studies with PC12 cells and primary neurons showed that blocking DISC1 function impairs neurite outgrowth (Kamiya et al., 2005; Miyoshi et al., 2003; Shinoda et al., 2007; Taya et al., 2007) . Furthermore, in utero electroporation-mediated expression of short-hairpin RNAs (shRNAs) against disc1, or a truncation mutant of disc1, in E14.5 embryos leads to retarded migration and misoriented dendrites of cortical neurons (Kamiya et al., 2005) . The finding that DISC1 promotes migration in the embryonic cortex and neurite outgrowth in vitro, as well as its restricted expression in neurons produced during adult neurogenesis, raise a tantalizing possibility that DISC1 may play an important role in regulating the process of adult neurogenesis.
To ascertain the in vivo function of DISC1 in adult neurogenesis, we employed an oncoretrovirus-mediated RNA interference approach to genetically manipulate DISC1 expression within individual cells in specific brain regions (Ge et al., 2006) . Such an in vivo ''single-cell genetic'' approach allows characterization of cell-autonomous roles of DISC1 specifically in adult neurogenesis, without the complication of potential developmental defects and/or compensations in traditional germline knockout animals. Here we demonstrated that DISC1 regulates almost all essential steps of neuronal integration in adult neurogenesis.
In contrast to what has been found in embryonic cortical development and cultured neuronal cells, DISC1 knockdown in newborn dentate granule cells of the adult hippocampus leads to soma hypertrophy, accelerated dendritic outgrowth with appearance of ectopic dendrites, mispositioning from overextended migration, enhanced intrinsic excitability, and accelerated synapse formation of new neurons. These findings indicate that DISC1, a schizophrenia susceptibility gene, serves as a key regulator that controls the tempo of neuronal development and therefore keeps the progress of new neuron integration in the adult brain in check.
RESULTS

Role of DISC1 in Morphogenesis of New Neurons in the Adult Brain
We used an oncoretrovirus-mediated approach for birthdating and genetic manipulation of individual new neurons in the adult mouse dentate gyrus (Ge et al., 2006) . Retroviral constructs were engineered to coexpress enhanced green fluorescent protein (GFP) and an shRNA to knock down expression of endogenous mouse DISC1 (mDISC1, Figure 1A ). Specific shRNAs were designed against conserved regions of all known mouse disc1 isoforms ( Figure S1 ; see Experimental Procedures). Two different shRNAs (shRNA-D1 and -D2) effectively knocked down the expression of a full-length mDISC1 in vitro ( Figure 1B ). Another two shRNAs against mDISC1 (shRNA-D3 and -D4) exhibited partial knockdown, while a control shRNA against DsRed (shRNA-C1) was ineffective ( Figure 1B ). High titers of engineered retroviruses were stereotaxically injected into the hilar region of the adult C57BL/6 mouse hippocampus to infect proliferating neural progenitors in vivo. Immunocytochemistry confirmed the knockdown of mDISC1 in shRNA-D1/GFP + cells in vivo ( Figure S1 ).
We first examined whether DISC1 regulates neuronal fate specification of adult neural progenitors. Immunostaining of doublecortin (DCX; Figure 1C ), an immature neuronal marker (Brown et al., 2003) , revealed that 84.5 ± 9.5% of shRNA-C1/GFP + cells and 89.3 ± 6.4% of shRNA-D1/GFP + cells (n = 4 animals) became neurons at one week post injection (wpi). Thus, DISC1 knockdown under this condition does not appear to affect neuronal fate specification during adult hippocampal neurogenesis. We next examined the morphology of adult-born neurons. Surprisingly, cell bodies of shRNA-D1/GFP + neurons were significantly larger than those of shRNA-C1/GFP + neurons at all developmental stages examined ( Figures 1C and 1D ). Several other effective mDISC1-shRNAs also showed different degrees of soma hypertrophy at 2 wpi ( Figure S2 ), suggesting that the observed phenotype is specifically due to DISC1 knockdown. Dentate granule cells in rodents do not maintain basal dendrites and normally extend only one primary apical dendrite that branches to form elaborated arborization (Seress and Pokorny, 1981; Shapiro and Ribak, 2006) . In contrast, neurons with DISC1 knockdown exhibited multiple primary dendrites ( Figures 1E and 1F) . Strikingly, 21% of shRNA-D1/GFP + neurons maintained basal dendrites that initiated near the site of axon initiation and extended toward the molecular layer ( Figure 1E ). Variable degrees of the ectopic dendrite phenotype were observed with other mDISC1-shRNAs ( Figure S2 ). Taken together, these results showed that DISC1 controls morphogenesis of adult-born neurons, including soma size and dendritic initiation.
Role of DISC1 in Controlling Positioning of New Neurons in the Adult Brain
We next examined the effect of DISC1 knockdown on migration of adult-born neurons. It has been established that adult-born neurons in the hippocampus contribute almost exclusively to only the inner two-thirds of the granule cell layer (Figure 2A ; Esposito et al., 2005; Kempermann et al., 2003) . At 1 wpi, GFP + neurons were distributed largely within the inner granule cell layer ( Figure 2B ). By 2 wpi, while some shRNA-C1/GFP + neurons had migrated into the middle third layer, the majority of shRNA-D1/GFP + neurons had already migrated into the outer third of the granule cell layer with some even migrating into the molecular layer. By 4 wpi, about 50% of shRNA-D1/GFP + neurons, but none of shRNA-C1/GFP + neurons, were in the molecular layer ( Figure 2C ). Additional studies with BrdU-labeled new neurons exhibited a similar pattern of positioning as that of shRNA-C1/GFP + neurons ( Figure 2C ), suggesting that retroviral manipulation itself does not have any ''procedure effects''. Different degrees of overextended migration phenotype were also observed with two other mDISC1-shRNAs ( Figure S3 ). These results indicate that, instead of directly mediating neuronal migration, DISC1 is required for relaying positional signals during migration.
To rule out the possibility that mispositioning was due to a change in neuronal subtype differentiation of adult neural progenitors with DISC1 knockdown, we examined expression of Prox-1, a dentate granule cell marker (Pleasure et al., 2000) , and Parvalbumin, an interneuron marker (Freund and Buzsaki, 1996) . Immunocytochemistry showed that all GFP + neurons at 2 wpi were Prox-1 + Parvalbumin À , including those located within the molecular layer ( Figures  2D and 2E ). Thus, DISC1 knockdown under this condition does not affect neuronal subtype differentiation during adult hippocampal neurogenesis.
Rescue of DISC1-Knockdown Phenotype by Expression of shRNA-Resistant mDISC1
Our results with multiple shRNAs targeting different regions of mDISC1 suggest that the observed effects are specific to DISC1 downregulation. To further confirm the specificity of shRNA manipulations, we carried out in vivo rescue experiments using lentiviruses, which allow sustained transgene expression (Lois et al., 2002) . We generated lentiviruses expressing a fusion protein of GFP and an shRNA-resistant form of mDISC1 (GFP-mDISC1 R ) that harbors eight silent mutations within the sequence targeted by shRNA-D1 ( Figures 3A and 3B ). We also generated oncoretroviruses that coexpress a red fluorescent protein mCherry and shRNA-D1 or -C1 ( Figure 3A ). Western blot analysis confirmed the resistance of GFPmDISC1 R to shRNA-D1 in vitro ( Figure 3C ). After coinjection of two types of viruses into the dentate gyrus of adult mice, there were many cells expressing GFP or mCherry alone and a limited number of cells coexpressing both at 2 wpi ( Figure 3D ). Expression of shRNA-D1 alone in new neurons (mCherry
) resulted in soma hypertrophy, ectopic dendrities, and mispositioning ( Figures 3D-3G) , similar to what we described earlier (Figures 1 and  2 ). In contrast, double-labeled cells expressing both shRNA-D1/mCherry and GFP-mDISC1 R in the same animal exhibited normal soma size, a single primary dendrite and proper positioning ( Figures 3D-3G ), suggesting that defects from knockdown of endogenous DISC1 were rescued by expression of exogenous DISC1. Control experiments with coexpression of shRNA-C1 and GFPmDISC1 R showed no obvious phenotypes in neuronal morphology and positioning ( Figures 3D-3G ). Taken together, these rescue experiments further confirmed the specificity of shRNA-mediated DISC1 knockdown in vivo. (E-G) Summaries of morphological and positioning phenotypes of new neurons at 2 wpi. Shown are summaries for soma size (E), number of primary dendrites (F), and neuronal positioning (G, domains as defined in Figure 2A ). Values represent mean ± SEM (n = 4 animals; *: p < 0.05, ANOVA).
Role of DISC1 in Dendritic Development of New Neurons in the Adult Brain
To examine whether DISC1 regulates dendritic development in vivo, we reconstructed the dendritic arborization of individual GFP + neurons with confocal microscopy.
Surprisingly, shRNA-D1/GFP + neurons exhibited much more elaborated dendrites than shRNA-C1/GFP + neurons at 2 wpi ( Figures 4A and 4B) , as reflected by significant increases in both total dendritic length and branch numbers ( Figure 4C ). Sholl analysis further demonstrated an increase in the dendritic complexity of shRNA-D1/GFP + neurons ( Figure 4D ). Thus, DISC1 knockdown accelerates dendritic development of adult-born neurons.
Is increased dendritic arborization in shRNA-D1/GFP + neurons simply an outcome of presence of ectopic dendrites? Reanalysis of the data without contributions from ectopic dendrites showed that single major dendrites of shRNA-D1/GFP + neurons were still more elaborated than those of shRNA-C1/GFP + neurons ( Figure S3 ). To examine more closely whether accelerated dendritic development was due to a secondary effect of neuronal positioning, we divided shRNA-D1/GFP + neurons into two groups, those with normal positioning (within the inner two-thirds of the granule cell layer) and those with mispositioning (within the outer one-third of the granule cell layer and the molecular layer). Both groups exhibited more complex dendrites than shRNA-C1/GFP + neurons at 2 wpi ( Figure S3 ). Thus, DISC1 may regulate neuronal positioning and dendritic development independently.
Role of DISC1 in Development of Intrinsic Excitability of New Neurons in the Adult Brain
To examine whether the morphological changes that resulted from DISC1 knockdown led to alterations of physiological properties, we performed electrophysiological analysis of newborn granule cells in acute slices from virus-injected animals. Previous studies have established that the membrane resistance of new neurons decreases along their maturation (Esposito et al., 2005; SchmidtHieber et al., 2004) . Electrophysiology recording at 2 wpi showed that shRNA-D1/GFP + neurons exhibited significantly lower membrane resistances (373 ± 26 MU, n = 7) than those of shRNA-C1/GFP + neurons (786 ± 50 MU, n = 7), suggesting an accelerated functional maturation of new neurons with DISC1 knockdown.
We then examined the ability of new neurons to fire repetitive action potentials, a hallmark of neuronal maturation. Under the whole-cell current clamp, shRNA-C1/ GFP + neurons at 2 wpi generally fired one to three tetrodotoxin (TTX)-sensitive action potentials in response to a depolarizing current injection (300 ms and 100 pA; Figure 5A ), consistent with their immature neuronal excitability. Strikingly, shRNA-D1/GFP + neurons fired repetitive action potentials up to 46 Hz in response to the same stimulation ( Figure 5B ). Thus, DISC1 regulates the development of intrinsic excitability of adult-born neurons.
Role of DISC1 in Synaptic Integration of New Neurons in the Adult Brain
We next examined synapse formation of newborn neurons. Confocal imaging revealed significant numbers of dendritic spines in shRNA-C1/GFP + neurons at 4 wpi, but not at 2 wpi ( Figure 6A ). In contrast, numerous dendritic spines were already present in shRNA-D1/GFP + neurons at 2 wpi, suggesting that DISC1 knockdown accelerates synapse formation of new neurons. To examine synaptic structures in detail, we carried out electron microscopic reconstruction of GFP + new neurons. While dendritic spines were largely absent in shRNA-C1/GFP + neurons at 2 wpi ( Figures 6B and 6C) , in rare cases there were synaptic structures associated with dendritic shafts of GFP + neurons ( Figures 6D and 6E ). An increased number of dendritic spines and synaptic structures were observed in shRNA-C1/GFP + neurons at 4 wpi ( Figures 6F and 6G ). On the other hand, synaptic structures associated with shRNA-D1/GFP + neurons were readily observed at 2 wpi, with postsynaptic densities facing presynaptic boutons that contain synaptic vesicles ( Figures 6H-6M) . Surprisingly, dense core vesicles were present in some of these new synapses ( Figures 6I and 6J ), suggesting that presynaptic differentiation might have occurred.
To directly examine whether increased synaptic inputs to new neurons were functional, we carried out wholecell voltage-clamp recording of GFP + neurons at 2 wpi in acute slices prepared from injected animals. GABAergic spontaneous synaptic currents (SSCs) were recorded from GFP + neurons (V m = À65 mV) in the presence of kynurenic acid (5 mM) to block ionotropic glutamatergic currents ( Figure 5C ). While active GABAergic SSCs were detected in all neurons recorded ( Figure 5D ), expression of shRNA-D1 resulted in a 20-fold increase in the mean frequency of GABAergic SSCs ( Figure 5E ) without affecting the mean peak amplitude ( Figure 5F ). Next, we recorded glutamatergic SSCs in the presence of bicuculline (10 mM) to block GABA A R-mediated currents ( Figure 5G ). Glutamatergic SSCs were detected from all shRNA-D1/GFP + neurons recorded at 2 wpi, but only from 60% of shRNA-C1/ GFP + neurons ( Figure 5H ). Furthermore, the mean frequency of glutamatergic SSCs in shRNA-D1/GFP + neurons was about 18-fold higher than that of shRNA-C1/ GFP + neurons ( Figure 5I ), whereas the mean peak amplitudes were similar ( Figure 5J ). Taken together, these results demonstrate that knockdown of DISC1 leads to accelerated formation of functional GABAergic and glutamatergic synaptic inputs to new neurons in the adult brain.
Cooperation of NDEL1 and DISC1 in Regulating Development of New Neurons
To elucidate the mechanism underlying regulation of neuronal integration by DISC1, we examined effects of downregulation of NDEL1, a direct binding partner of DISC1 (Brandon et al., 2004; Millar et al., 2003; Morris et al., 2003; Ozeki et al., 2003) . We engineered a retrovirus expressing a previously characterized shRNA against NDEL1 (shRNA-N1; Nguyen et al., 2004; Shu et al., 2004) and confirmed its effectiveness both in vitro and in vivo ( Figure S4 ). At 2 wpi, shRNA-N1/GFP + neurons exhibited ectopic primary dendrites and mispositioning in the adult dentate gyrus ( Figures 7B and 7C ), resembling some features of DISC1 knockdown. There was also a modest increase in the total dendritic length ( Figure 7D ). We further examined the potential epistatic interaction between DISC1 and NDEL1 in regulating neuronal development. Together with retrovirus expressing shRNA-N1/ GFP, we coinjected retrovirus expressing shRNA-D3/ mCherry, which by itself led to only partial knockdown of DISC1 ( Figure 1B ) and had little effect on positioning and dendritic development of new dentate granule cells at 2 wpi ( Figures 7C-7E ). Interestingly, doublelabeled neurons (GFP + mCherry + ) exhibited much more dramatic defects in positioning and dendritic development than either of the single knockdown ( Figures 7C-7E ). Together with biochemical evidence for direct interaction between DISC1 and NDEL1 and their colocalization in primary neurons ( Figure S6 ), such synergistic effects in vivo strongly suggest that NDEL1 is a major partner of DISC1 in regulating integration of adult-born neurons.
DISCUSSION
The disc1 gene has been linked to schizophrenia and other serious mental illness in multiple pedigrees (Blackwood et al., 2001; Hamshere et al., 2005; Hashimoto et al., 2006; Millar et al., 2000) . The neurobiology of DISC1 in the normal developing and adult brain and its roles in these mental illnesses are not well understood (Ishizuka et al., 2006; Porteous and Millar, 2006; Ross et al., 2006) . Previous cellular studies have had limited success, largely due to limitations of in vitro systems and difficulties in generating knockout mice because of complex alternative splicing, resulting in multiple isoforms of DISC1 proteins that remain to be fully characterized (Ishizuka et al., 2006) . Using an in vivo ''single-cell genetic'' approach, we have identified a number of novel functions of DISC1 in integration of new neurons in the adult brain ( Figure S5 ). First, downregulation of DISC1 accelerates morphological development of adult-born neurons, resulting in soma hypertrophy and enhancement of dendritic outgrowth. This finding is unexpected, given the stimulating effect of DISC1 on axonal outgrowth of embryonic neurons in culture. Second, inhibition of DISC1 functions leads to mispositioning of new neurons in the molecular layer from overextended migration, suggesting that DISC1 serves as an interpreter that relays positional signals to the intracellular migratory machinery rather than a direct mediator of neuronal migration. Third, new neurons with DISC1 knockdown exhibit more mature neuronal firing patterns. Thus, regulation of DISC1 expression may alter sustained and synchronized firing, a notion with profound implications in cognitive brain function and schizophrenia. Finally, electron microscopy and electrophysiology studies demonstrated that downregulation of DISC1 accelerates synapse formation of newborn neurons. Taken together, these results identify DISC1 as a master regulator controlling the tempo of the entire process of neuronal integration in the adult brain.
Our finding on aberrant integration of adult-born neurons with DISC1 knockdown reinforces the view that tempo regulation is critical for functional neurogenesis within an active neuronal network. Previous studies have implicated an important role of neuronal activity in integration during adult neurogenesis. For example, seizures accelerate new neuron integration (Overstreet-Wadiche et al., 2006b ) and prolonged seizures lead to inappropriate integration of new neurons into the adult hippocampal circuitry (Scharfman and Hen, 2007) . Recent studies have identified neurotransmitter signaling, such as GABA and glutamate, as part of extrinsic mechanisms in stimulating certain steps of neuronal integration (Ge et al., 2007) . Different from these extrinsic positive regulators, DISC1 negatively regulates all essential steps of integration of adult-born neurons. Thus, DISC1 may serve as a key intrinsic determinant that balances stimulating effects of extrinsic mechanisms and keeps the process in check. Whether DISC1 functions are in turn regulated by extrinsic factors remains to be determined.
Functions of DISC1 in Neural Development
The expression pattern of DISC1 together with biochemical characterization of interacting proteins (Camargo et al., 2007) implicates a role of DISC1 in neuronal development. Several studies have suggested that DISC1 may function to stimulate neurite outgrowth of PC12 cells and axonal growth of embryonic neurons in culture (Kamiya et al., 2005 Ozeki et al., 2003; Taya et al., 2007) . Our preliminary study also supports a similar role of DISC1 in axonal and dendritic outgrowth of early postnatal dentate granule cells in vitro ( Figure S6) . Surprisingly, DISC1 knockdown in adult-born dentate granule cells in vivo accelerates dendritic development, resulting in a complex and elaborated pattern of dendritic growth, ectopic apical dendrites, and unusual appearance of basal dendrites. Thus, instead of a direct mediator of neurite outgrowth, DISC1 may function as a regulator that promotes dendritic development of embryonic neurons in vitro, while suppressing that of adult-born dentate granule cells in vivo. Whether such differential regulation by DISC1 reflects differences in intrinsic properties of neurons at different stages or extrinsic local environment remains to be determined. Interestingly, dentate granule cells exhibit significantly more basal dendrites in some schizophrenic patients (Lauer et al., 2003; Senitz and Beckmann, 2003) .
DISC1 has been implicated in neuronal migration during embryonic cortical development (Kamiya et al., 2005) . Our preliminary studies with coinjection of two different retroviruses into mouse forebrain ventricles at E13.5 in utero showed that shRNA-D1/GFP + cells exhibited less extended migration in comparison to shRNA-C1/ mCherry + cells in the cortex of the same individual animals at P1 ( Figure S7 ). In contrast, DISC1 knockdown in adult-born dentate granule cells leads to overextended migration (Figure 2) . It is well established that different cortical layers are developed in an ''inside-out'' fashion during embryonic stages (Ayala et al., 2007) , while dentate granule cells in rodents are arranged in an orderly ''outside-in'' sequence within a single cell layer (Altman and Das, 1965; Angevine, 1965;  Figure S8 ). Thus, both phenotypes are consistent with a model in which DISC1 functions to relay positional signals to the intracellular migratory machinery, rather than a direct mediator of cell migration. Interestingly, MAP2ab
+ neurons have been found to be mispositioned within the white matter of temporal and parahippocampal regions in some schizophrenic patients (Arnold et al., 2005) . The role of DISC1 in maturation of neuronal excitability was not expected. Recent studies have provided indirect evidence for a potential role of DISC1 at synapses. Light and electron microscopic studies showed the localization of DISC1 immunoreactivity at postsynaptic site of both symmetric and asymmetric synapses in humans (Kirkpatrick et al., 2006) . Bioinformatics and yeast two-hybrid screens have revealed a ''DISC1 interactome'', in which DISC1 interacts with many proteins involved in synaptic functions (Camargo et al., 2007; Carter, 2006) . Our study provides direct evidence for a functional role of DISC1 in regulating the tempo of synapse formation of adult-born neurons in vivo. Whether DISC1 plays similar roles in neuronal maturation and synaptogenesis during embryonic development remains to be determined.
Molecular Basis of DISC1 Functions in Neural Development
Our findings of functional roles of DISC1 in multiple steps of neuronal development is consistent with the large number of DISC1-interacting protein involved in centrosome assembly, cytoskeleton reorganization, and intracellular transport (Camargo et al., 2007) . Previous in vitro experiments have implicated a role of DISC1-NDEL1 interaction in regulating neurite outgrowth (Kamiya et al., 2005; Ozeki et al., 2003) . We provide in vivo evidence that NDEL1 is a major partner of DISC1 in neuronal functions. NDEL1 knockdown in new neurons mimics several major defects of downregulation of DISC1, including ectopic dendrites and aberrant positioning (Figure 7 ). More importantly, simultaneous knocking down of NDEL1 and DISC1 results in synergistic effects on neuronal positioning and dendritic development. Consistent with our findings, NDEL1 homozygous knockout mice (Sasaki et al., 2005) as well as NDEL1 knockdown in developing neocortex exhibited impaired neuronal positioning . In the heterozygous germline knockout mice of LIS1, which binds to NDEL1, some dentate granule cells migrated to the molecular layer and exhibited hypertrophy and basal dendrites (Fleck et al., 2000) , resembling morphological and positioning defects of new neurons with DISC1 knockdown. Taken together, these results support a model in which NDEL1 and DISC1 cooperate to control neuronal morphogenesis and positioning during neuronal integration.
It is likely that other DISC1-interacting proteins also play important roles. Furthermore, the existence of multiple isoforms of DISC1 protein raises the possibility that different isoforms may exhibit differential localization and interaction with different partners, thus performing varied functions. Future goals are to define the spatio-temporal nature of DISC1 interactions and functions at different subcellular locations and during different developmental stages in regulating neural development under normal and pathological conditions. Implications for Mental Disorders disc1 was initially identified as a gene disrupted by a balanced translocation on chromosome 1q42 that segregates with schizophrenia, bipolar disorder, and recurrent major depression in a large Scottish family (Blackwood et al., 2001; Millar et al., 2000) . Genetic linkage and association studies have suggested that disc1 may be a general risk factor for schizophrenia and some other mental disorders, such as bipolar disorder and depression (Harrison and Weinberger, 2005; Ishizuka et al., 2006; Mackie et al., 2007) . The relevance of disc1 to schizophrenia was further demonstrated by a functional correlation between genetic variations of disc1 in humans and specific defects in hippocampal structures and functions (Callicott et al., 2005) . In rodent models, one study with an endogenous mutant disc1 identified in the 129S6/SvEv mice supports a role of DISC1 in modulating working memory (Koike et al., 2006) . A recent study showed that mice with a missense mutation (Q31L) exhibit deficits in the force swim test and depressionlike behaviors, while L100P mutant mice exhibit schizophrenia-like phenotypes, such as defects in prepulse inhibition and latent inhibition (Clapcote et al., 2007) . Whether defects in adult neurogenesis contribute to psychological disorders with adult onsets, such as schizophrenia, bipolar disorder, and major depression, remains unknown and is an interesting topic for future investigation. Interestingly, a recent study suggests that cell proliferation in the adult human dentate gyrus is decreased in schizophrenia, but not in depression (Reif et al., 2006) . Emerging evidence also suggests that many mental disorders are developmental in nature and may result from defects in neuronal integration (Arnold et al., 2005; Lewis and Levitt, 2002; Zoghbi, 2003) . Our identification of DISC1 as a critical regulator controlling sequential steps of neuronal integration raises the possibility that DISC1 may be a key molecular player in the etiology of major mental illness.
EXPERIMENTAL PROCEDURES
Materials and other experimental procedures are described in the Supplemental Data.
Genetic Marking and Manipulation with Engineered Oncoretroviruses and Lentiviruses
Engineered self-inactivating murine oncoretroviruses were used to express shRNAs and GFP (pUEG) or mCherry (pUEM) specifically in proliferating cells and their progeny (van Praag et al., 2002) . Several shRNAs against different regions of mDISC1 ( Figure S1 ), mouse NDEL1, and DsRed were used (See Supplemental Data). For rescue experiments, self-inactivating lentiviruses (Lois et al., 2002) were engineered to express a fusion protein of GFP and mDISC1 harboring 8 silent mutations (GFP-mDISC1 R ; Figure 3A) . To validate the specificity and efficiency of shRNAs, retroviral shRNA vectors and expression constructs for HA-tagged full-length mDISC1, GFP-mDISC1, or GFP-mDISC1 R were cotransfected into 293 cells, and cell lysates were prepared for western blot analysis of DISC1 expression using anti-HA or anti-GFP antibodies, respectively. High titers of engineered retroviruses were produced (Ge et al., 2006; Lois et al., 2002) and were stereotaxically injected into adult female C57BL/6 mice (7 to 8 weeks old, Charles River) housed under standard conditions as described (Ge et al., 2006) . All animal procedures were in accordance with institutional guidelines.
Immunostaining, Confocal Imaging, and Electron Microcopy Coronal brain sections (40 mm thick) were prepared from injected mice and processed for immunostaining as described (Ge et al., 2006) . The following primary antibodies were used: BrdU (rat, 1:400, Accurate), DCX (goat, 1:250, Santa Cruz), DISC1 (goat, 1:100, Santa Cruz, N-16), GFP (rabbit, 1:1000, Abcam), NDEL1 (rat monoclonal, 1:50, gift of A. Sawa), Prox-1 (rabbit, 1:1000, Abcam), and Parvalbumin (mouse, 1:2000, Sigma). Images were acquired on a Zeiss510 multiphoton confocal system using a multitrack configuration.
For analysis of cell morphology, Z series stacks of confocal images were taken, and a single confocal image slice with the largest soma area for individual GFP + neurons was used for quantification using NIH ImageJ program. For analysis of neuronal positioning, single-section confocal images of GFP + neurons with 4 0 ,6-diaminodino-2-phenylindole (DAPI, 1:5000) staining were used to determine the cell localization within four domains defined in Figure 2A . For one set of control experiments, BrdU (50 mg/kg body weight) was injected. A minimum of ten neurons of randomly picked sections from each animal and at least four animals were analyzed for neuronal morphology and positioning under each experimental condition. Statistic significance was determined with ANOVA. For analysis of dendritic development, 3D reconstruction of entire dendritic processes of each neuron was made from Z series stacks of confocal images. The 2D projection images were traced with NIH ImageJ. All GFP + dentate granule cells with largely intact dendritic trees were analyzed for total dendritic length and branch number as described (Ge et al., 2006) . Data shown were from a minimal of 17 individual GFP + neurons from at least 4 animals for each condition. Statistic significance was determined with KolmogorovSmirnov test. For immunoelectron microscopy analysis, shRNA-D1-and shRNA-C1-expressing samples from a minimum of two animals each were simultaneously processed as described (Liu and Jones, 2003) . Serial EM images were processed with Reconstruct 2.4 for 3D reconstruction and rendered using 3D Studio Max (Discreet).
Electrophysiology
Mice housed under standard conditions were processed at 2 wpi for slice preparation and electrophysiology recording at 32 C-34 C as described (Ge et al., 2006) . To examine intrinsic excitability, GFP + dentate granule cells were recorded under the whole-cell current clamp with current pulses (300 ms) injected. SSCs were examined in the presence of 1 mM TTX and 10 min continuous sweeps were recorded under the voltage clamp (V m = À65 mV) in the presence of 10 mM bicuculline or 5 mM kynurenic acid for glutamatergic or GABAergic SSCs, respectively.
Supplemental Data
Supplemental Data includes eight figures and Experimental Procedures and can be found with this article online at http://www.cell. com/cgi/content/full/130/6/1146/DC1/.
